To understand the formation of the Bergman cluster in the F-type icosahedral quasicrystal, crystallographic relations between the quasicrystal and the intermetallic-compound H and Zn 23 Y 6 phases in the Zn-Mg-Y alloy system were investigated mainly by transmission electron microscopy. It was found that, although sample rotations of about 1° were required to obtain simple crystallographic relations, the orientation relationship was established among the cubic-Fm3 assembly of six short-penetrated-decagonal columns was identified as an appropriate nucleus in the formation of the Bergman cluster from these two structures.
at room temperature using a JEM-3010-type transmission electron microscope with an accelerating voltage of 300 kV. Thin specimens for observation by transmission electron microscopy were prepared by an Ar-ion thinning technique.
III. Experimental results
In this study, x-ray powder diffraction profiles of Zn 80-x+y Mg x Y 20-y alloy samples were measured at room temperature to identify stable and metastable states appearing in them. It was found that there were the F-type icosahedral quasicrystal and the hexagonal-P6 3 regions in a sample with the nominal composition of (x = 12, y = 6). We then tried to determine the crystallographic relations between the F-type icosahedral quasicrystal and these two intermetallic-compound phases. Although sample rotations of about 1° were required to obtain a simple relationship, we were able to establish the simple crystallographic relations between the Ftype icosahedral quasicrystal and the H structure and also between the quasicrystal and the Zn 23 Y 6 structure. The experimentally obtained data on the crystallographic relations will be presented below. Figure 1 shows an x-ray powder diffraction profile in the angular range of 30° ≤ 2θ ≤ 50°, which was measured from an alloy sample with the nominal composition of (x = 12, y = 6) at room temperature, together with its bright-field images and corresponding electron diffraction patterns.
According to the reported cross-section of the Zn-Mg-Al phase diagram at 700 K, this composition is located in the interior of the single H state [14] . As shown in Fig. 1(a) , the measured profile was found to be very complicated, and reflections with stronger intensities were concentrated on around 2θ = 38°. From a comparison with the previously reported profiles of the icosahedral quasicrystal and the intermetallic-compound phases found in the Zn-Mg-Y alloy system, it was confirmed that the sample mainly consisted of icosahedral-quasicrystal and H-structure regions, whose reflections are indicated by the blue and yellow arrows in the profile, respectively. The point to note here is that some of the H reflections can also be indexed in terms of the Zn 23 Y 6 structure with a lattice parameter of a = 1.269 nm, as marked by the green arrows. To confirm the presence of these states, electron diffraction patterns and corresponding bright-and dark-field images were taken from various regions in the sample at room temperature by transmission electron microscopy. The electron diffraction patterns taken from two different areas in the same sample are, respectively, shown in Figs. 1(b) and 1(b') and 1(c) and 1(c'), together with their bright-field images in the insets. From these four patterns, large H and icosahedral-quasicrystal regions giving rise to relatively uniform contrasts in the images are confirmed to be present in the (x = 12, y = 6) sample. A simple analysis of the patterns indicated that the electron beam incidences of the two patterns in Fig. 1 plane. On the other hand, the patterns in Fig. 1(c) and (c') have the beam incidences parallel to the fivefold and twofold axes in the quasicrystal. It will be noted that τ scaling for the arrangement of reflections is also confirmed along the fivefold axis in Fig. 1(c') , as indicated by the small arrows. This is an experimental indication that the quasicrystal present in the sample was probably the Ftype icosahedral quasicrystal. As suggested by the analysis of the x-ray powder diffraction profile, Zn 23 Y 6 regions were also detected as minor regions, although experimental data on the Zn 23 Y 6 state are not presented here. The chemical compositions of the icosahedral-quasicrystal, H, and Zn 23 Y 6 regions were, respectively, estimated to be (x = 15, y = 10), (x = 10, y = 4), and (x = 6, y = 0) on the basis of the EDS analysis results.
The alloy sample with the nominal composition of (x = 12, y = 6) was found to consist of F-type icosahedral-quasicrystal, hexagonal-H, and cubic-Zn 23 Y 6 regions. We tried to determine the orientation relations between the quasicrystal and the H structure and between the quasicrystal and the Zn 23 Y 6 structure. The orientation relation between the quasicrystal and the H structure was first determined by using their coexistence areas in the sample. Figure 2 shows an electron diffraction pattern obtained from one of the coexistence areas including a quasicrystal/H boundary, together with its corresponding bright-field image in the inset. The electron beam incidence of the pattern is nearly parallel to the fivefold axis in the quasicrystal. As seen in the pattern, the fivefold-axis direction in the quasicrystal for the electron beam incidence is nearly parallel to the N(21 As mentioned above, the Zn 23 Y 6 state was present as minor regions in the sample. We also determined the orientation relation between the icosahedral quasicrystal and the Zn 23 Y 6 structure by using their coexistence areas. Figure 3 shows electron diffraction patterns and a corresponding bright-field image, which were taken from one of the coexistence areas including a quasicrystal/Zn 23 Y 6 boundary. We first look at the image of the coexistence area in the inset, which was used for the analysis. It is seen that there are bright-and dark-contrast regions separated by a curved boundary, which are referred to as Regions A and B. To identify these regions, we took their electron diffraction patterns with various electron beam incidences at room temperature. The pattern in Fig. 3 Fig. 3(a) , the state in Region A was identified as the F-type icosahedral quasicrystal, just as in the case of the above-mentioned (quasicrystal + H) coexistence area. On the other hand, the patterns of Region B show a simple regular arrangement of reflections, as seen in Figs. 3(b) and 3(b' ). To determine the crystal structure in Region B, we constructed its reciprocal lattice by using electron diffraction patterns obtained experimentally. The constructed reciprocal lattice for Region B is schematically depicted in the inset in Fig. 3(b' ). Based on the determined reciprocal lattice, it was found that the state in The orientation relationship between the F-type icosahedral quasicrystal and the Zn 23 Y 6 structure was determined by taking electron diffraction patterns of the above-mentioned area including a boundary between neighbouring icosahedral-quasicrystal and Zn 23 Y 6 regions. Figure 4 shows one of the superposed patterns for these two regions, together with a schematic diagram. A very complex pattern is observed because of the involvement of the two regions. It will be noted 
IV. Discussion
From our experimentally obtained data mentioned above, it was confirmed that there were F-type icosahedral-quasicrystal, H, and Zn 23 Y 6 regions, for instance, in the alloy sample with the nominal composition of (x = 12, y = 6). An interesting feature of the samples used in this study is that structure in this study [15] . From these two projections, it was found that the projected atomic positions in the Zn 23 Y 6 structure and those in the four inner shells of the Bergman cluster resembled each other. This is an experimental indication that there is basically a one-to-one correspondence between atomic positions in the Zn 23 Y 6 structure and those in the four inner shells.
Based on this one-to-one correspondence, the positional correspondence between atoms in the Zn 23 Y 6 structure and those in each shell is shown in Fig. 5(c) . Atomic shifts needed for the formation of each shell from the Zn 23 Y 6 structure are also indicated by the black and red arrows.
As seen in the diagrams, the first and second shells of the Bergman cluster can be formed from the Zn 23 Y 6 structure by relatively small shifts. On the other hand, large atomic shifts are required for some atoms in the third and fourth shells, as indicated by the red arrows. We then discuss the origin of the large atomic shifts in the formation of the third shell. The atoms with large shifts are found on the shell of a CN16 polyhedron, whose centre atoms are large Y atoms in the Zn 23 Y 6 structure for the first shell, as indicated by the brown arrows. This implies that large atomic shifts can be avoided by an atomic replacement of a centre atom from the larger Y atom to a small Zn one. Apparently, this replacement produces a coordination-number change of (CN16 → CN12).
In other words, the first, second, and third shells in the Bergman cluster can be formed only by the atomic replacement of four Y atoms in the first shell to four Zn atoms in the second shell for the Zn 23 Y 6 structure. As a result, among the four inner shells, twelve Zn atoms with CN12 form the icosahedron as the first shell, while the dodecahedron as the second shell consists of twelve Zn atoms and eight Y atoms.
In the inner shells produced from the Zn 23 Y 6 structure by the atomic replacement, eight Y atoms with CN16 in the second shell are also required to occupy special positions to produce the first, second, and third shells in the Bergman cluster. The required positions of the eight Y atoms in the second shell are schematically depicted in Fig. 6 , together with a structural block consisting of eight CN16 polyhedra. In Fig. 6(a) , the eight required positions in the second shell are indicated by the large blue circles. The interesting features of the eight required positions are that a cube can be obtained by connecting two neighbouring positions, and that each side of the cube is equal to a diagonal line of a pentagon, which is present on the surface of the dodecahedron as the second shell. Furthermore, we can also construct the structure block indicated by the blue colour in Fig.   6 (b) by putting together eight CN16 polyhedra with a planar contact, whose centre Y atoms sit on the eight required positions. The striking point to note here is that an arrangement of atoms in the interior of the structural block forms the first, second, and third shells in the Bergman cluster. This is thus an indication that the structural block consisting of eight CN16 polyhedra in Fig. 6(b) may be a possible nucleus of the Bergman cluster.
Another structural block as a possible nucleus of the Bergman cluster can also be expressed in terms of six short-penetrated-decagonal columns. Figure 7 shows schematic diagrams indicating a continuous change between these two possible expressions for the nucleus of the Bergman cluster. The starting expression for the nucleus is assumed to be the structural block consisting of eight CN16 polyhedra. In the starting block, eight CN16 polyhedra are referred to as Polyhedra 1, 2, 3, 4, 5, 6, 7, and 8, as indicated in diagram I, where Polyhedron 7 is not seen. After taking out Polyhedra 1, 2, 3, and 4, we obtain diagram II, where there is a CN12 polyhedron at the centre position of the structural block, as marked by the red lines. As shown in diagram III, next, we can find a short-penetrated-decagonal column indicated by the pink lines. The features of the penetrated-decagonal column are that it consists of three CN12 polyhedra, and that its axis is parallel to one of six fivefold axes in the structural block. In the block, six short-penetrateddecagonal columns are also present along the six fivefold axes, with the common CN12 polyhedron at the centre. As a result, we can depict another structural block marked by the red color in diagram IV, which is characterized by an asembly of six short-penetrated-decagonal columns. In other words, this structural block as an assembly of six short-decagonal columns is another possible candidate for the nucleus of the Bergman cluster, in addition to the structural block consisting of eight CN16 polyhedra.
Keeping the above-mentioned discussion in mind, the correspondence between atomic positions in the H structure and those in the Bergman cluster is discussed on the basis of the Fig. 8(c) . Atomic shifts for the formation of each shell from the H structure are also indicated by the black and red arrows. As seen in the diagram, atomic positions in each shell can be obtained by very simple atomic shifts. Among these shifts, those indicated by the small red arrows for the third shell seem to be somewhat larger than the others. A simple analysis of the positional correspondence indicated that the larger shifts originate from the presence of two Y atoms in the H structure for the first shell. We can thus avoid the relatively larger shifts by the exchange of two Y atoms in the first shell to two Zn atoms in the second shell. In other words, atoms forming the first, second, and third shells in the Bergman cluster are potentially present in the intermetallic-compound H structure.
The positional correspondence between atoms in the Zn 23 Y 6 structure and those in the Bergman cluster suggested that there are two possible candidates for the nucleus in the formation of the Bergman cluster from the Zn 23 Y 6 structure; that is, structural block I consisting of eight CN16 polyhedra and block II as an asembly of six short-penetrated-decagonal columns. To understand which candidate is more appropriate, the locations of atoms in the H structure for the first and second shells in the Bergman cluster are checked in terms of these two structural blocks.
In Fig. 8(c) , we first focus on the twenty atoms in the H structure, which form the second shell of the Bergman cluster. From the schematic diagram for the second shell, the corresponding atoms in the H structure consist of six Zn atoms with CN12, six Y atoms with CN17, and eight mixed-site atoms with CN12 or CN15. For the second shell there is no atom with CN16 in the H structure.
This implies that the twenty atoms in the H structure for the second shell cannot serve as a centre atom of a CN16 polyhedron for structural block I. This means that structural block I based on eight CN16 polyhedra should be ruled out as a possible nucleus. Among twelve atoms in the H structure for the first shell, on the other hand, both six Zn atoms and four mixed-site atoms can be identified as centre atoms of a CN12 polyhedron. As a matter of fact, four short-penetrateddecagonal columns can be found in the H structure, with the common CN12 polyhedron at the centre. When the other two Y atoms in the first shell are replaced by two Zn atoms in the second shell, structural block II can be constructed as an asembly of six short-penetrated-decagonal columns in the H structure. Based on this, we can conclude that an asembly of six shortpenetrated-decagonal columns indicated by the red colour in diagram IV in Fig. 7 is the most appropriate nucleus of the Bergman cluster in its formation from the Zn 23 Y 6 and H structures.
Finally, we simply discuss the formation of the Bergman cluster from the determined nucleus consisting of the first, second, and third shells. As mentioned above, an asembly of six short-penetrated-decagonal columns as the nucleus of the Bergman cluster can be formed from the H structure by a simple atomic replacement of two Y atoms in the first shell to two Zn atoms in the second shell. Because the Bergman cluster involves six shells, for the approximant-T structure [5, 9] , the nucleus must grow to form the fourth, fifth, and sixth shells. To promote this growth, we conducted some trials by using the determined nucleus of the Bergman cluster. As a result, it was found that the formation of the fourth and sixth shells, except for the fifth shell, could be achieved by the adoption of a short-penetrated-decagonal column consisting of five CN12 polyhedra, not three CN12 polyhedra. To reproduce the fifth shell in the Bergman cluster, all twenty positions in the second shell must be occupied by 16 coordination atoms such as Y and Mg atoms. This means that the formation of the Bergman cluster cannot be explained in terms of only the development of an asembly of six short-penetrated-decagonal columns as the possible nucleus. The occupation of 16 coordination atoms in the second shell is another important factor for the formation of the Bergman cluster.
V. Conclusions
The crystallographic relations between the F-type icosahedral quasicrystal involving the Bergman cluster and the intermetallic-compound phases in the Zn-Mg-Y alloy system were examined mainly by transmission electron microscopy. It was found that there existed a simple crystallographic relationship among the cubic-Fm3 Based on these patterns, the states of two major regions were identified as the H phase for the former region and the F-type icosahedral quasicrystal for the latter. The F-type quasicrystal was confirmed by an array of reflections indicated by the arrows in (c'). 
